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SUMMARY 



A low speed annular cascade wind tunnel was designed 
and constructed and is presently installed in the MIT Gas Tur- 
bine Laboratory. It is anticipated that this tunnel will be 
used to secure data for correlation with three dimensional 
theory of flow in an annular cascade, particularly applicable to 
the design of compressor inlet guide vanes. 

An annular cascade of thirty-six airfoils having a 
cubic variation of circulation with radius was designed for use 
in the tunnel. Construction of this cascade is pending. Another 
annular cascade of fifty-four airfoils is installed in the tunnel 
awaiting test upon completion of instrumentation. 

A three dimensional vortex theory of flow in an annular 
cascade, developed by Dr. V. R. Hawthorne, is presented. This 
theory was employed in the design of the thirty-six airfoil cas- 
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INTRODUCTION 



The ever increasing development and production of axial 
flow compressor components of gas generators and gas turbine power 
plants has clearly outlined the need for knowledge of airflow be- 
havior in a cascade of airfoils. This problem has been the subject 
of considerable study during the past decade. 

Compressor inlet guide vanes, in particular, have fre- 
quently been found to give considerably different turning angles 
under test from those for which the vanes had been designed by em- 
ployment of two dimensional theory. A lack of adequate theoretical 
development, together with the increased difficulties involved in 
experimental determination of three dimensional flow characteristics, 
has limited many previous investigations to a two dimensional flow 
pattern (References (1), (2), (3)). Some work has been done on three 
dimensional rotating cascade blowers (References (2), (4)). 

Additional investigations are currently in progress in the 
low speed, two dimensional cascade tunnel of the Gas Turbine Labora- 
tory, MIT. It was felt that additional valuable information could 
be obtained from a companion three dimensional annular cascade tun- 
nel to supplement a vortex theory of flow in an annular cascade be- 
ing developed by Dr. V. R. Hawthorne. 

This project, therefore, was undertaken in October 1948 
and is the subject of this thesis. The project logically divided 



» 



. 



' 

*•* n ' 0 itMVM • 

. ' - ' ' 

_ 

. 

« • ‘ - 
« . ' , . . t • • * -■ • ? 

- - . • . . . ' n ... * - ■: u j 

. . > - ; 

• »' *1 . ... ■ * i 

J « ' t - 

<• . . f . . ‘ . i ’ j <• . 

• "v t - ' 

4 «| ... ii • • 

.. j*J ■_»; • * . i ■ • .»• i 

Ml HTilfV • l*# tMi . ,r« 

_ ■ . 

-I ta. i i U 4 ttO ^ trm*j f « tm-rn m 

. * 

• • i • r . ’ • • < • 

. , -«• . ; - 



3 



into three phases: 

I Design and construction of the low speed 
annular cascade tunnel. 

II Design and construction of the annular cascade of 
airfoils. 

Ill Experimental investigation of the flow field about 
the annular cascade and correlation of test results 
with the theoretical development. 

It was originally envisioned that only Phases I and II 
could be expected to have reached completion by May 1949 and this 
has been borne out by the results to date. Design of the tunnel was 
initiated in October 1948. Construction of the tunnel by the Naval 
Shipyard, Charlestown, Massachusetts, was begun in late December 1948- 
Design and construction proceeded simultaneously, and the tunnel and 
the traversing mechanism (minus the probes) were completed during the 
second week of April 1949. The clew type yaw-meter probes were re- 
ceived from the Airflo Instrument Company, Glastonbury, Connecticut, 
in April 1949, and the remaining instrumentation is currently in 
progress. 

Design of the annular cascade of airfoils was begun in 
November 1948 and completed in March 1949. Construction of this cas- 
cade by the General Electric Company, Lynn, Massachusetts, is pending. 

It is anticipated that future experimental results obtained 
in the tunnel will be directly applicable to the design of inlet guide 
vanes for axial compressors and will be suitable for comparison and 
correlation with predictions of the three dimensional theory presented 
in this thesis (Appendix A) . 
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SYMBOLS 



A 

a 



C 

C T 



% 



D 

I 

F 

i 

f 

h 

L 

1 

N 

P 

P c 

Q 

q 



- cross-sectional area 

- distance, measured along chord line, from leading edge of 
airfoil to point of maximum camber 

- dCj/dot 

- Telocity 

- drag coefficient 

- profile drag coefficient 

- lift coefficient 

- chord of airfoil 0 2 



pressure loss coefficient through screen - ^ ^j2 

- drag force 

- screen area 

- projected wire area of screen 

- coefficient of friction 

- enthalpy per unit mass of gas 

- length (referring to cascade tunnel) 

- lift force 

- length (referring to cascade blade) 

- number of blades in cascade 

- static pressure 

- stagnation pressure 

- volume rate of flow 

- velocity head (/>v72) 

- heat transfer per unit mass of gas 
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R - r/r t 

R o - V r t 

r - radius 

s - gap between blades 

- entropy per unit mass of gas 
T - torque force 

V - velocity 

v - specific volume 

w - mass rate of flow 

X - axial force 

z - exponent denoting variation with radius of circulation around a 
cascade blade 

cX * air angle measured from radial plane along axis of tunnel (Fig. 2) 
°^L o - angle of attack of airfoil at zero lift 
P - circulation 
<f - deflection angle (Fig. 2) 

0 - angular distance measured from some fixed radial line 

p - density 

<T - stagger angle 

i/) - blockage ratio, F r / 

Subscripts! 

o - denotes stagnation condition 

1, 2, etc. - stations along tunnel as per Fig. 1 

1, 2 - stations forward and aft cascade respectively 



h - at hub 
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B - mean value (Sketches, page* 25 and 26 ) 
t - at tip 

u - tangential component 
x - axial component 
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I THb LOW SPfED AM MIL/: R CASCADE TUNNEL 



Description 

Overall Length (with 9 screens) , 

Center Line Height (above deck), 

Maximum Inside Diameter . . . 

Test Section Inside Diameter..., 

Capacity 

Velocity at Test Section: 

(with 9r n diameter core) . . . . , 
4 

w It 

(with 7— diameter core)...., 
3 



157 inches 
38 inches 

2l\ inches 

3 

157 inches 

4 

8500 cfm 

159 ft/ sec 
133 ft/sec 



The general outline and basic dimensions of the tunnel 
are shown in Figure 1. A view of the completed tunnel is shown in 
Figure 8. 

The tunnel is powered by a Buffalo Forge Company A8A4V5 CCW 
Axial Flow Fan, rated to deliver 3000 cu. ft/ain at three inches of 
water static pressure at 1750 rpm. The fan is followed by a straight 
diffuser section 46 inches in length, enclosing a tapered conical 
fairing mounted on the rear of the fan motor. An angle of 8}- degrees 
is included between the cone and the straight side of the diffuser. 

Seven sixteen-mesh screens spaced at two inch intervals 
are placed behind the diffuser section. An accelerating section 
follows and reduces the tunnel diameter from 27£ inches to 15^ inches 
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in & length of 24 inches. 

Two additional sixteen-mesh screens are placed immedi- 
ately behind the accelerating section. All screens are individual 
units and are located between flanges of the duct so that the num- 
ber of screens may be increased or decreased as desired. 

An approach section eighteen inches in length completes 
the installation upstream of the test section. 

Each duct section is supported in its own wooden cradle. 
The individual duct sections are bolted together to fora the com- 
plete tunnel assembly. 

The test section is a straight section 19 £ inches in 
length mounting the traversing mechanism and probes, and contain- 
ing the cascade, a center core and nose section, end the mechanism 
for rotating the cascade. Front and rear views of the test sec- 
tion assembly are shorn in Figures 9 end 10, The cascade presently 
mounted in the tunnel is the inlet guide vane assembly (54 airfoils) 
taken from an aircraft engine. 

The traversing mechanism is designed to permit a radial 
traverse of the cascade, measuring total pressure and flow angles. 
Traversing in the tangential direction is eccoaplished by rotating 
the cascade. The traversing mechanism is illustrated in detail in 
Figure 11. 



Tho remaining instrumentation presently contemplated for 
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measuring total end static pressure upstream of the cascade is 
outlined in Figure 1. 

Discussion of Design Details 

The decision to make use of a low speed tunnel was dic- 
tated by three considerations: (1) It was desirable to avoid com- 

pressibility effects during tests for correlation with theoretical 
predictions. (2) Several other projects were scheduled to be 
operated in the M.I.T. Gas Turbine Laboratory high speed duct at ap- 
proximately the expected time of completion of the annular cascade 
tunnel. (3) A Navy surplus fan of suitable capacity for the low 
speed tunnel was available in the Gas Turbine Laboratory. 

A preliminary test run of this fan proved satisfactory 
and It was made the cornerstone of the project. 

After several fruitless efforts had been made to obtain 
a suitable cascade of airfoils for test, and in order to determine 
the necessary duct dimensions for design purposes, it was tenta- 
tively decided to design a set of blades. The General Electric 
Company, Lynn, Massachusetts, was approached, and offered to man- 
ufacture the proposed set of blades and permit their use by the Gas 
Turbine Laboratory on a loan basis. 

Simultaneously, a separate effort resulted in the salvag- 
ing of an inlet guide vane assembly from an aircraft engine. The tun- 
nel was designed, therefore, to accomodate the basic dimensions of this 
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assembly (Cascade A), and the design of the blades to be manufactured 
(Cascade J3) was continued in conformance with the tunnel dimensions. 

Since Cascade A was constructed with a l/8 inch outer shroud, 

it was considered desirable to keep this shroud out of the airflow in 

order to avoid excessive local turbulence at the outer diameter. A 

recess was provided at the forward end of the test section outer casing 

to accept the shroud. This fixed the inside diameter of the outer 

casing at 15f inches. Cascade B was designed without a shroud and 
4 

its greater chord length precluded any fit into the recessed section. 

Consequently, Cascade B was designed to a nominal overall diameter of 

15*?- inches. Wien this cascade is to be used in the tunnel, the re- 
4 

cessed section must be filled by using a l/8 inch annular ring, 16 
inches overall diameter and 1-4/10 inches long, or by filling the 
cavity with modelling clay. 

In addition, Cascade A has a hub-tip ratio of .536 while 
the hub-tip ratio of Cascade B is .500. The 9^ inch diameter tunnel 
core was built for use with Cascade A. Therefore, a 7-7/8 inch 
diameter core must be provided to replace the 9£ inch diameter core 
when Cascade B is to be installed in the tunnel. 

It was planned to avoid the use of a clumsy settling chamber 
in the tunnel design. The straight sided diffuser section and cone 
fairing greatly simplified the design and permitted a neat installa- 
tion. The use of a straightening tube honeycomb at the rear of the 
diffuser section was planned, if tunnel calibration tests indicated 
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undesirable rotational flow at the test section. A preliminary 
tuft survey, however, has indicated an axial flow pattern with negli- 
ble rotation, hence the use of a straightening honeycomb appears un- 
necessary. 

In order to make traverses behind the cascade of airfoils 
in both radial and tangential directions, the traversing mechanism 
must either travel tangentially around the casing or the cascade 
must be capable of rotation. The latter solution gave promise of 
ease of operation and simplicity of construction. The idea of em- 
ploying a central shaft supported on two bearings manually centered 
by the use of six bolts tapped through the casing to form two spider 
supports was first suggested by Mr, Lustwerk, and was adopted after 
further study. The rotation of the cascade is obtained by the use 
of a pair of bevel gears operated by a turning bar projecting through 
one side of the outer casing and fitted with a friction brake. This 
has the advantage of offering a relatively small additional resistance 
to the airflow in the test section and keeping the exit clear in ths 
event that it might later be decided to add a diffusing section. A 
two to one gear tooth ratio permits positioning the cascade tangen- 
tially within l/2 degree or less. 

The traversing mechanism is mounted on a pad on the top of 
the test section outer casing and is secured in place by six set 
screws. The ysvmet''r is of the claw type and is rotated by a worm 
and gear and moved radially by a calibrated threaded bolt. The 
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traversing mechanism may be located axially in any number of posi- 
tions, limited only by the number of holes drilled through the 
mounting pad to allow the probes into the tunnel behind tho cas- 
cade. 

No provisions are presently provided for removing boundary 
layers. This poses a fairly difficult problem, since annular man- 
ifolds must be provided for both inner end outer surfaces of the an- 
nulus. The location of the test cascade just aft of a flange, how- 
ever, should permit the installation of such manifolds if they ap- 
pear desirable. 

No provision is available for obtaining photographic data. 

A calculation of the forces expected to be exerted on the 
cascade by the airflow was made in Phase II for Cascade B^. The re- 
sults, an axial force of 4»9 pounds and a torque of 126 inch-pounds, 
were used to determine component dimensions required for structural 
rigidity of the test section assembly. Generally comparable forces 
may be expected from Cascade A. 

Pressure Losses in Tunnel 

The design operating point of the fan was determined from 
the fan performance curves and the following calculation of pressure 
losses through the tunnel i 



